Bottlenecks, the key ingredients for improving the performances of the production networks, have been profoundly studied during the last decade. Yet, because of the complexity of the research results, there is still a significant gap between theory and practice. In this paper, we review various bottleneck definitions, detection methods and the asymptotic results and provide a practical guidance for recognizing and utilizing the bottlenecks in production networks. Queueing theory works as the mathematical foundation in our study. Various definitions of the bottlenecks are classified as either Performance in Processing (PIP) based or sensitivity based definitions, which reflect the preferences of the managers. Detection methods are surveyed closely based on the definitions. These methods are used to recognize the bottlenecks and to provide diagnosis results to managers. Comparisons show that different detection methods may lead to vastly different conclusions. The recognition of the bottlenecks has another advantage: the ultimate phenomena of the bottlenecks can greatly reduce the computation complexity in calculating the system performances. Bottlenecks based approximation and asymptotic results are studied to exhibit the contribution of bottlenecks in performance estimation and theoretical analysis.
Introduction
Performances of a production system, such as the throughput, the circle time and the average delay, etc., are affected by the capacities of machines and resources available in the system. Some of them may affect the system performances more than others. Usually, the limitation of a system can be traced to the limitation of one or two machines or one or two kinds of resources, commonly called bottlenecks. From system point of view, bottlenecks are the congestion points of the system, which slow
Figure 1 Bottlenecks improvements iteration
down the whole operation chain. In order to improve the performances of the system, it is necessary to improve the bottlenecks. Yet, recognition and improvement for bottlenecks is not a trivial task. In design and research, we cannot directly ask for the knowledgeable employees, as suggested by Cox and Spencer (Cox and Spencer 1997) . We need to work on numerous floor data or log data to recognize the bottlenecks and to improve the bottlenecks. The iteration of improving bottlenecks is shown in Figure 1 . Bottlenecks are defined based on the application demands. They are recognized by different detection methods. Then, the bottleneck-based approximation and asymptotic methods are applied to estimate the performances of the system. Bottlenecks are improved by adjusting the system parameters. This iteration will be repeated until the application demands are satisfied.
Many factors of a system contribute to the bottlenecks, such as the machine capacity and the number of operators. The bottleneck of a system may be different from different perspective of view and may be different for different class of customers. It becomes much complex for large systems. Numerous efforts have been made in the last decade and various definitions, detection methods, approximation and asymptotic results have been presented. But there is still no commonly accepted definition or detection technique. This is mainly due to the diversity of the bottlenecks in different application scenarios. It brings difficulties in applying theoretical results to real applications. It is necessary to make clear which definition, detection method and asymptotic result are suitable for an specific application scenario.
In this paper, the main causes of what contribute to a bottleneck and how to define, recognize and utilize the bottlenecks in production networks are reviewed from an application point of view. Queueing theory works as the mathematical foundation in our study. Various definitions are classified into two primary categories: performance in processing (PIP) based and sensitivity based definitions. The former class emphasizes the real-time performance of the system, and the latter focuses more on the potential improvements. Detection methods are reviewed based on the definitions. They are classified into measurement based methods and sensitivity based indicators. Comparisons of these detection methods are presented, which show that different detection methods may lead to vastly different conclusions.
